hyperosmotic stress.
Escherichia coli can adapt to a wide range of external osmotic pressures (6) . A hyperosmotic environment, such as the organism would encounter in the colon or bladder, dramatically alters the expression of many cell envelope proteins, particularly those in the periplasm (1) . Two periplasmic proteins in particular are very strongly induced under these conditions: the glycine betaine binding protein of the proU operon and an unidentified, smaller protein (1).
We have designated the gene encoding this second protein osmY. The magnitude and rapid kinetics of OsmY induction suggest that this protein may also be important for hyperosmotic stress adaptation.
An increase in the osmolarity of the environment triggers a number of physiological and biochemical changes in E. coli (for a review, see reference 6). At first, water rapidly diffuses out of the cell, causing plasmolysis. The loss of turgor pressure must be reversed because a positive outward pressure on the cell wall is required for cell growth and division. Turgor pressure can be restored by increasing the cytoplasmic osmolarity, primarily by accumulating K+ (9, 12) and synthesizing glutamate (9, 31, 40) . However, high levels of intracellular K+ appear to be deleterious to many cellular processes. Growth rates are enhanced when some of the potassium glutamate is replaced with compatible solutes, organic osmolytes which are less perturbing and can be accumulated to high concentrations. These organic osmolytes include proline, glycine betaine, and trehalose (6) . Gene products that are preferentially expressed during hyperosmotic stress are largely responsible for the accumulation of these solutes. For example, the kdpABC operon encodes the high-affinity K+ transport system (39) , the bet operon encodes a transport system for choline and the enzymes required for its oxidation to glycine betaine (43) , and the proU operon encodes a high-affinity transport system for glycine betaine (2, 5, 28) .
Thus far, no common regulatory mechanism has been identified for the loci responsive to hyperosmotic stimuli. The kdpABC operon is transcriptionally regulated by two specific regulatory proteins encoded by kdpD and kdpE; the ompC gene, specifying an outer membrane protein, is regu-* Corresponding author.
lated by the two-component regulatory system specified by envZ and ompR (for review, see reference 34); and the bet operon is partially regulated by the repressor protein betI (22) . Although the proU operon is the most strongly induced operon in the hyperosmotic stimulon, no trans-acting proteins have been found that specifically regulate its expression (10, 17, 28) . Thus, the mechanism of proU regulation may be unique and has fostered intense investigation by several groups. Several lines of experimental evidence have implicated the elevated level of intracellular K+ in the stressed cell as the signal for transcriptional activation of proU. First, in vivo activation ofproU transcription requires intracellular K+ accumulation (44) . Second, added potassium glutamate enhanced expression of proU in in vitro coupled transcription-translation S-30 systems (18, 37) . Finally, potassium glutamate specifically stimulatedproU transcription in an in vitro assay with purified components (36) , suggesting that potassium glutamate acts directly on the transcription complex. Epstein (11) and Higgins et al. (16) have suggested that K+ may be the key regulatory signal for other, as yet uncharacterized genes in the osmotic stimulon. To test this hypothesis and elucidate the mechanism of potassium glutamate activation of gene expression, we have sought to identify and characterize additional genes activated by hyperosmotic stress. osmB, which encodes an outer membrane lipoprotein (20) , is induced by hyperosmotic stress and by stationary growth phase (19) , but its expression in an in vitro transcription-translation system does not seem to be K+ stimulated (our unpublished data). osmC (15) is K+ stimulated in vitro in a manner analogous to proU (38) , but its expression is also growth phase dependent. Because OsmY appeared to have induction kinetics very similar to those of the periplasmic component of the proU operon, osmY seemed a likely candidate for an analogous mechanism of osmotic regulation.
A powerful technique used to detect genes that are regulated by a common stimulus involves the generation of gene fusions to a reporter gene. Gutierrez et al. (14) used the transposon TnphoA (27) to isolate nine different TnphoA gene fusions that had hyperosmotically inducible alkaline phosphatase activity. However, all of these strains retained the wild-type OsmY protein and therefore did not carry insertions in the osmYgene (18a) . In this report, we describe the generation of an osmY-phoA genetic fusion made by using TnphoA, the subsequent mapping, cloning, and sequencing of the osmYgene, and the induction kinetics of the OsmY-PhoA fusion protein.
MATERIALS AND METHODS
Bacterial strains, phages, and growth conditions. All bacterial strains used in this study are listed in Table 1 . Cultures were grown in LB medium (33) or M9 minimal medium (33) containing thiamine (1 p,g/ml) and 0.2% glucose or glycerol. 7 .61), and put on ice for 10 min. The cells were spun down again, osmotically shocked by the addition of ice-cold 0.5 mM MgCl2, and incubated for 10 min on ice. The cells were pelleted, and the periplasmic proteins in the supematant were acid precipitated by the addition of 1/10 volume of 72% trichloroacetic acid and 1/10 volume of 0.15% deoxycholate. The precipitated proteins were pelleted at 10,000 x g for 20 min at 4°C, rinsed with 0.1 M ammonium acetate in methanol to remove residual trichloroacetic acid, and resuspended. The radioactivity in the samples was counted, and 200,000 cpm were loaded onto a 10 or 12.5% polyacrylamide-SDS gel. After electrophoresis, the gel was dried and exposed to X-ray film (XAR-5 film; Eastman Kodak Co., Rochester, N.Y.). The isolation and labeling of periplasmic proteins for the kinetic labeling experiment (see Fig. 3 ) were carried out as described above, except that the Alkaline phosphatase assays. Alkaline phosphatase assays were performed by the procedure of Gutierrez et al. (14) except that the cell debris was spun down in a microfuge for 5 min before the A420 was read. (42) . osmYwas mapped to within a 1-min region by P1 cotransduction mapping. P1 vir lysates were generated from three strains carrying a TnJO insertion at 94, 0/100, or 1.8 min. HYD-100 carrying osmY::TnphoA was infected with each of these lysates. The transductants were selected for tetracycline resistance and screened for the loss of alkaline phosphatase activity. protocol. Single-stranded sequencing of the nested deletion plasmids was performed following hybridization to the -40 sequencing primer (U.S. Biochemicals). The Sequenase (U.S. Biochemicals) method of sequencing was used according to the manufacturer's protocol.
Nucleotide sequence accession number. The nucleotide sequence of the osmY gene has been deposited in the GenBank data library under accession number M89635.
RESULTS
Two periplasmic proteins are strongly induced by hyperosmotic stress. During studies on the periplasmic glycine betaine binding protein of E. coli, we detected another periplasmic protein that was strongly induced by hyperosmotic stress (1) . As shown in Fig. 1 (Fig. 1, lanes 3 and 4) . Additionally, this strain contained a new hyperosmotically inducible protein with an Mr of 60,000 (Fig. 1, lane 4 (Fig. 2A) . The initial rate of rapid induction then slowed, although the cells were still actively growing. Alkaline phosphatase activity from the OsmY-PhoA fusion could also be induced by the addition of 15% sucrose, indicating that the signal for osmY induction is hyperosmotic stress and not NaCl specifically (data not shown).
The induction of the proU operon can be repressed if the osmoprotectant glycine betaine is provided along with the osmotic challenge (44) . To determine whether glycine betaine also represses osmY induction, 1 mM glycine betaine was added concurrently with 0.3 M NaCl to exponentially growing cultures of HYD-200, and the alkaline phosphatase activity was assayed. As shown in Fig. 2A , induction of osmY::TnphoA was strongly inhibited by glycine betaine.
To confirm that the alkaline phosphatase activity measurements from the osmY: :TnphoA fusion accurately reflected osmY induction, the synthesis of wild-type OsmY was monitored. Cultures of exponentially growing KL19 were compared with cultures stressed by the addition of 0.3 M NaCl. At the times indicated, culture samples were removed and labeled for 15 min with [35S]methionine. As shown in Fig. 3 , OsmY was synthesized at maximal rates in samples from the stressed culture labeled during the first hour. The rate of synthesis then declined, returning to the level of the unstressed culture at 120 min. The labeling study therefore confirms the alkaline phosphatase data, demonstrating that induction of OsmY synthesis, like proU expression, is a rapid response to hyperosmotic stress. osmY differs from proU in the time over which elevated expression is maintained: OsmY induction is relatively transient, while synthesis of glycine betaine binding protein remains induced as long as the cells are growing (Fig. 3) .
Growth in complex medium also caused a modest induction of OsmY-PhoA activity as the cultures entered the mid-exponential phase of growth (Fig. 2B ). An osmotic challenge during growth in LB medium resulted in only a two-or threefold increase in activity, about half that observed in minimal medium (Fig. 2B) . The reduced response to osmotic signals could be due to the presence of osmoprotectants, such as glycine betaine and proline, in LB.
Genetic mapping of osmY. Genetic mapping of osmY was performed by a combination of Hfr and P1 cotransduction techniques. To localize the position of the osmY: :TnphoA to a 5-to 15-min region of the chromosome, HYD-100 (osmY::TnphoA) was conjugated to a panel of Hfr strains (45) . Each of the Hfr strains contains a unique TnlO located approximately 10 to 20 min downstream from the origin of transfer. The loss of alkaline phosphatase activity in exconjugants (white colonies on XP plates) indicates recombination of the wild-type osmY gene into the recipient strain chromosome and loss of the osmY: :TnphoA fusion. HYD-100 that had been mated to strain BW6164 had the highest percentage (90%) of white exconjugants, suggesting that osmY and the TnlO in this strain were closely linked. In strain BW6164, TnJO is located at the thr locus (defined as To confirm that the cloned sequences within pDY6.1 encoded the wild-type OsmY protein, the plasmid was transformed into HYD-400. This strain contains a pcnB80 mutation that causes plasmids to be maintained in low copy number (24) and thus reduces possible regulatory artifacts due to high copy number. HYD-400 also carries the osmY: :TnphoA fusion on the chromosome and therefore lacks the wild-type OsmY protein (Fig. 4, lanes 3 and 4) . The parental strain of HYD-400 is Mri93 and is wild type for osmY. Periplasmic OsmY was expressed and regulated normally in Mri93 (Fig. 4, lanes 1 and 2) . When HYD-400 was transformed with pDY6.1, synthesis of a periplasmic protein with an apparent Mr of 22,000 was restored (Fig. 4,  lanes 5 and 6) . This protein was expressed in cultures grown in standard medium but was further induced by hyperosmotic stress (Fig. 4, lanes 5 and 6) . Thus, a periplasmic protein with the same apparent Mr and regulation as the osmY product was encoded by plasmid pDY6.1.
To further subclone the kbp 4690 region, a 1.4-kbp PstI fragment was isolated from pDY6.1 and cloned into pTZ18R, resulting in pDY1.4. This plasmid also encoded the osmotically regulated protein with an apparent Mr of 22,000 when transformed into HYD-400 (Fig. 4, lanes 7 and 8) .
osmY nucleotide sequence. The 1.4-kbp PstI fragment was sequenced bidirectionally by cloning it into pTZ19U in both directions and generating 150-bp nested deletions by exonuclease III and S1 digestion at the SmaI site of the multiple cloning site of pTZ19U. Single-stranded templates were sequenced by the dideoxy termination method of Sanger et al. (41) .
The nucleotide sequence from the AhaII to the PstI site is shown in Fig. 5 . The AhaIl site is adjacent to the 99-min region of the chromosome, while the PstI site is towards the 0/100-min region. The nucleotide sequence was translated into amino acids in all three reading frames and in both directions. An open reading frame (ORF) was found with two possible initiation codons that encoded polypeptides of either 201 or 199 amino acids, depending upon which initiation codon was used. The ORF is preceded by a potential Shine-Dalgarno sequence at nucleotides 354 to 358. The Shine-Dalgarno sequence is eight nucleotides upstream of the first AUG initiation codon, believed to be the optimal spacing for a ribosome-binding site (13 protein were identified as Glu-Asn-Asn-Ala-Gln-Thr-ThrAsn-Glu-Ser-Ala-Gly-Gln-Lys-Val. This sequence correlates exactly to the predicted amino acid sequence that follows the putative signal peptide within the ORF. The amino-terminal sequence also defines the signal peptide cleavage site as Ala-Glu and indicates that the signal peptide contains 28 or 26 amino acids, depending upon which AUG codon is the initiation site for translation. Thus, we concluded that we had cloned the osmY gene.
The osmY DNA and amino acid sequence were compared with sequences in the GenBank and National Biomedical Research Foundation protein data bases, respectively, with the Wisconsin package sequence analysis software (8) (9) . Furthermore, the lack of full osmY osmotic induction in LB medium may be due to proline and glycine betaine uptake, which reduces the accumulation of K+ (9) . The fact that proU induction is sustained longer may simply reflect greater sensitivity to a potassium glutamate signal. Cloning of osmY will allow in vitro studies to test the hypothesis that K+ regulates gene expression.
An additional osmotically induced periplasmic protein with an apparent Mr of 26,000 is evident in Fig. 1 (Fig. 1, lane  2; Fig. 3, + lanes) . In previous experiments, we observed only two hyperosmotically induced proteins in the periplasm, glycine betaine binding protein and OsmY (1) . However, the strains used for those studies were not wild-type K-12 strains but MC4100-based strains. MC4100 has a large chromosomal deletion from 6.5 to 8 min (argF to lac [3] ), which removes the osmotically regulated bet genes at 7.5 min (43) . It On plasmid pDY1.4, the OsmY protein was expressed from a 1.4-kb PstI fragment. Although OsmY expression from the plasmid increased when cultures were hyperosmotically stressed, the protein was produced in both induced and uninduced conditions. The increased expression of OsmY may be due to the osmY gene's being present on a multicopy plasmid. Nonetheless, expression of osmY from the plasmid is responsive to osmotic signals, suggesting that cis-acting regulatory regions of osmY are present on the plasmid. The putative osmY promoter is similar to the proU promoter in that they both have poor homology to consensus sigma-70 promoter sequences and both have a 16-bp spacer region between the -10 and -35 sequences (Fig. 5) . However, they have little sequence similarity. Future studies will be performed to specify any cis-acting regions and to locate the 5' end of osmY transcripts to define the promoter. 
